Strawberry (*Fragaria × ananassa*) is an important small fruit cultivated globally. In Canada, strawberry is a significant berry crop with production totaling 19,372 metric tonnes and a market value of \$82.5 million ([@b39-ppj-35-406]). A number of biotic and abiotic stresses affect strawberry yield and fruit quality. Among biotic factors, fungal diseases are major limiting factors that cause significant losses in strawberry productivity ([@b15-ppj-35-406]; [@b33-ppj-35-406]).

Powdery mildew caused by a bio-trophic fungal pathogen *Podosphaera aphanis* (syn. *Sphaerotheca macularis*) ([@b28-ppj-35-406]), is a major limiting factor in strawberry production worldwide ([@b31-ppj-35-406]). The asexual stage of this pathogen on strawberries was first reported in 1854 in the United Kingdom ([@b11-ppj-35-406]). Powdery mildew infects all parts of the strawberry plant including leaf, fruit, peduncle, stem, and runners. Initial symptoms of powdery mildew appear as a white powdery formation on the leaf surface followed by an upward curling of leaves, white mycelia on the upper surface of the leaf and lower leaves turning reddish in color ([@b12-ppj-35-406]). *P. aphanis* causes severe damage to the leaves and can reduce photosynthetic activity due to dense mycelial growth causing necrosis, resulting in defoliation and yield loss ([@b25-ppj-35-406]). Many commercially available strawberry cultivars are highly susceptible to powdery mildew, and it is generally suppressed by the application of fungicides such as Captan and benomyl. Only few moderately resistant varieties are available but cannot eliminate the requirement of fungicide application for disease suppression. The use of fungicides causes harmful effects on human health and the environment. Therefore, alternate eco-friendly approaches for the management of powdery mildew need to be explored.

Seaweeds are an important component of marine coastal ecosystems ([@b37-ppj-35-406]). Seaweeds are a rich source of macro- and micronutrients, amino acids, vitamins, and growth substances that affect cellular metabolism and enhance plant growth and crop yield ([@b26-ppj-35-406]). The most commonly used seaweed as a plant biostimulant is *Ascophyllum nodosum* (rockweed), a brown alga widely distributed in the North Atlantic Ocean. *A. nodosum* is rich in polysaccharides (alginate, fucoidan, and laminarin), minerals and vitamins. It is also rich in bioactive compounds such as polyphenols, lipids, and proteins ([@b19-ppj-35-406]).

Resistance against pathogens can be induced in plants by elicitors ([@b21-ppj-35-406]; [@b32-ppj-35-406]). The bioactive compounds present in various seaweed extracts elicit defense responses against pathogens ([@b26-ppj-35-406]; [@b36-ppj-35-406]; [@b37-ppj-35-406]). The bioactive compound present in the extract of *Ascophyllum nodosum* acts as an elicitor molecule and acts as pathogen-associated molecular patterns (PAMPs) ([@b36-ppj-35-406]). These PAMPs are recognized by host transmembrane pattern recognition receptors (PRRs), which signal defense pathways of induced systemic resistance and systemic acquired resistance ([@b14-ppj-35-406]; [@b43-ppj-35-406]). The bioactive compounds present in the *A. nodosum* extracts can be used as elicitors of innate and systemic immune responses in plants ([@b36-ppj-35-406]). Several reports suggest that *A. nodosum* extracts (ANE) elicit defense responses against a number of pathogens ([@b35-ppj-35-406]; [@b36-ppj-35-406]). ANE reduces the progression of fungal diseases in greenhouse-grown cucumber and carrot which by the induction of secondary metabolism and defense-related enzymes ([@b22-ppj-35-406]; [@b23-ppj-35-406]). Soil application of ANE significantly reduced downy mildew of onion (*Allium cepa* L.) and increases crop yield ([@b13-ppj-35-406]). Considering concerns regarding the excessive use of pesticides in horticultural crops, there is a need to develop ANE as an alternative strategy for sustainable disease management in agricultural system ([@b16-ppj-35-406]). Therefore, in the present study, we evaluated the efficacy of a plant biostimulant *A. nodosum* extract in reducing powdery mildew disease in strawberry, both in the greenhouse as well as under field conditions.

Materials and Methods
=====================

Plant material and growth conditions
------------------------------------

Strawberry plants (*Fragariae ananassa*) were propagated from runners purchased from G.W. Allen Nursery (Centreville, NS, Canada), and were planted in 3-liter plastic pots filled with PROMIX (Premier Tech, QC, Canada). Plants were grown in a growth chamber with 16/8-h day/night photoperiod set at a temperature of 22 ± 2°C. These plants were watered on alternate days. The strawberry plants were irrigated with 100 ml of 1 g/l N-P-K (20-20-20) fertilizer every 3 weeks. One-month-old plants were used in experiments.

Isolation and maintenance of pathogen
-------------------------------------

Powdery mildew infected strawberry leaves were collected from farms in Dalhousie University, Faculty of Agriculture, Truro, NS. Strawberry plants maintained in growth chamber (16/8-h photoperiod \[day/night\] with 22 ± 2°C) were inoculated by tapping spores from the infected leaves, as described by [@b30-ppj-35-406], and conidia of *P. aphanis* from the infected leaves was used in experiments.

Preparation of ANE and treatments
---------------------------------

ANE powder was a gift from Acadian Seaplants Ltd. (Dartmouth, NS, Canada). Three concentrations of ANE (0.1%, 0.2%, and 0.3%) were prepared in distilled water. The plants sprayed with distilled water served as control. Tween 20 (0.02%) was added to all the solutions as a surfactant. The plants were sprayed with 100 ml of different concentrations of ANE twice: the first treatment on the first day of the experiment, followed by a subsequent treatment on the fifth day. Each treatment consisted of six plants and the experiment was repeated in three times.

Spore germination assay
-----------------------

To study the effect of ANE on spore germination of *P. aphanis*, detached leaf assay was carried out as described in [@b17-ppj-35-406]. Briefly, young fully expanded leaves of strawberry plant were sprayed with ANE or water, as described earlier. The leaves were excised after 48-h of the second treatment, and each leaf was placed with the adaxial surface up on a wet sterile paper in petri dishes. A total of six detached leaves were used per treatment and were replicated three times. For inoculation, leaves were tapped with freshly produced conidia, as described by [@b30-ppj-35-406]. All Petri dishes were maintained at 25°C. Forty-eight hour post-inoculation, the leaves were decholorophilized with solution containing acetic acid and ethanol (1:3). The decolorized leaves were stained with 10 ml of trypan blue solution containing lactic acid:phenol:distilled water and glycerol (1:1:1:1) and 2 mg of trypan blue for 1 h. The small pieces of stained leaves were mounted in 50% glycerol and observed under a microscope.

Powdery mildew disease assays
-----------------------------

A water agar assay with detached leaves was done as described by [@b7-ppj-35-406] with minor modifications. Fully expanded leaves of strawberry plants were sprayed with ANE and water, as described earlier, and were excised along with intact petiole. For inoculation, leaves were tapped with freshly produced conidia, as described by [@b30-ppj-35-406]. The leaf petiole was inserted in 2% water agar with 25 mg/l benzimidazole to prevent the early senescence of leaves as described by [@b20-ppj-35-406]. For the assessment of disease development, the individual leaf was measured for infected leaf area by Image J software (NIH, Bethesda, MD, USA) and suspended in distilled water for a spore count with a hemocytometer. Each treatment consisted of three leaves from six different plants and the experiment was repeated in triplicate.

Forty-eight hours after the second spray, the leaves were inoculated with fungal spores by tapping from infected leaves as described by [@b30-ppj-35-406]. The disease severity data was recorded at 7th and 15th day post-inoculation (dpi) by measuring percent leaf area infected. A 1--6 rating scale was used for scoring disease severity on the leaves. The scoring scale was based on the visual estimation of percentage leaf area covered with powdery mildew ([@b10-ppj-35-406]; [@b23-ppj-35-406]), as follows: 1, no infection; 2, 1--19% infected leaf surface; 3, 20--39% infected leaf surface; 4, 40--59% infected leaf surface; 5, 60--79% infected leaf surface; and 6, 80--100% infected leaf surface infected with spores. Disease severity was calculated by using the following formula described by [@b38-ppj-35-406].
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Determination of secondary metabolites
--------------------------------------

For the quantification of secondary metabolites, leaf samples were harvested at 24, 48, 72, 96, and 120 h post-inoculation. The leaf samples were also harvested from the uninoculated ANE sprayed plants at the same time point. The samples were frozen in liquid nitrogen and homogenized with a mortar and pestle. The fine frozen powder was immediately suspended in 80% methanol and centrifuged at 10,000 ×*g* for 10 min at 4°C. The supernatant was collected and sediment was again centrifuged by adding 10 ml of 80% methanol at 10,000 ×*g* for 10 min at 4°C to make the final volume up to 30 ml.

The total phenolic content was determined using the Folin-Ciocalteu assay described by [@b24-ppj-35-406]. An aliquot (1 ml) of plant extract or standard solution of gallic acid (1, 2, 3, 4, 5, 6, and 7 μg/ml) was added to a 25-ml volumetric flask containing 9 ml of distilled water. A reagent blank was used with distilled water. One milliliter of 0.2 N Folin-Ciocalteu phenol reagent was added to the mixture and vortexed. Samples were incubated for 5 min at room temperature. After 5 min, 10 ml of 7% sodium carbonate (Na~2~CO~3~) solution was added to the mixture. The mixture was incubated for 90 min at room temperature. After incubation, the absorbance against the reagent blank was determined at 550 nm with a UV-Visible spectrophotometer. Total phenolic content was expressed as mg gallic acid equivalents ([@b24-ppj-35-406]).

Total flavonoid content was measured following the method described by [@b24-ppj-35-406]. An aliquot (1 ml) of plant extract or standard solutions of quercetin (0, 10, 20, 30, 40, 50, 60, 70, and 80 μg/ml) was added to a 10 ml volumetric flask containing 4 ml of distilled water. Then, 0.3 ml of 5% sodium nitrite (NaNO~2~) was added to the flask and after 5 min of incubation at room temperature, 0.3 ml of 10% aluminum chloride (AlCl~3~) was added. After 5 min, 2 ml of 1 M sodium hydroxide (NaOH) was added and the volume was adjusted to 10 ml with distilled water. The solution was vortexed and absorbance was taken against the blank at 510 nm. The total flavonoid content was expressed as mg quercetin equivalents ([@b24-ppj-35-406]).

Determination of phenylalanine ammonia lyase activity
-----------------------------------------------------

The effect of ANE on defense-related enzymes was studied. Plants were sprayed with ANE (0.1%, 0.2%, and 0.3%) until dripping and leaves were harvested 24, 48, 72, 96, and 120 h post-inoculation, weighed and frozen in liquid nitrogen. The phenylalanine ammonia lyase (PAL) activity was determined as described by [@b40-ppj-35-406]. Briefly, the leaf tissue was ground in 25 mM borate buffer (pH 8.8) containing 0.5 g/l polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 12,000 ×*g* for 30 min at 4°C. The supernatant was used as the crude enzyme extract. The activity of PAL was estimated based on the amount of cinnamic acid formed with phenylalanine as the substrate following the protocol described by [@b40-ppj-35-406]. The amount of cinnamic acid was calculated using a standard graph of cinnamic acid and expressed as μg cinnamic acid/min/mg protein.

Determination of peroxidase and polyphenol oxidase activity
-----------------------------------------------------------

Polyphenol oxidase (PPO) and peroxidase (PO) activity were determined as described by [@b34-ppj-35-406]. Briefly, the leaf tissue was homogenized in 0.05 M sodium phosphate buffer containing 0.5 g/l PVP. The homogenate was centrifuged at 13,000 × *g* for 10 min at 4°C. The supernatant was used as crude enzyme extract. PPO activity was assayed using catechol as substrate. The reaction mixture consists of 1 ml crude extract, 2.9 ml of 0.05 M sodium phosphate buffer and 1 ml of 0.1 M catechol (Sigma, St. Louis, MO, USA). The absorbance at 546 nm was recorded for 5 min in 30 s intervals. The PPO activity was expressed as absorbance/min/mg protein. PO activity was assayed using guaiacol as substrate. The reaction mixture consists of 1 ml of crude extract, 2.9 ml of 0.05 M sodium phosphate buffer, 1 ml of guaiacol and 1 ml of 2% H~2~O~2~. The absorbance was recorded at 470 nm for 5 min at 30-s intervals. PO activity was expressed as absorbance/min/mg protein.

Field experiments
-----------------

To test the effect of ANE on powdery mildew of strawberry, a field trial was conducted at Great Village, NS. The field experiments were performed under natural infection. The experiments were completely randomized and repeated with four replications in each treatment (50 plants per treatment). The strawberry plants were sprayed with ANE (0.1%, 0.2%, and 0.3%) and water (control). Treatments were applied at 2-week intervals. The first symptoms of disease appeared 3 weeks after the first treatment spray. As soon as symptoms appeared on plants, severity of disease was assessed on infected leaves once a week for 4 weeks. A 0--4 rating scale was used for scoring disease severity on the leaves, as follows: 0, no infection; 1, partial infection on lower surface (1--24%); 2, complete infection on lower surface (25--49%); 3, complete infection on lower surface and partial infection on upper surface of leaves (50--74%); and 4, complete infection on both surface of leaves (75--100%) ([Table 1](#t1-ppj-35-406){ref-type="table"}). Disease severity was calculated by using the following formula described by [@b38-ppj-35-406].

Statistical analysis
--------------------

All experiments were designed by Complete Randomized Design with three replicates. The field trial was designed by using Randomized Complete Block Design. All data were analyzed by using analysis of variance, with a *P*-value of ≤ 0.05 using the "Proc. mixed procedure," of the SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA). When significant effects of treatments were found, a multiple means comparison was carried out using Tukey's analysis, with a 95% confidence interval and α = 0.05 to find means that are significantly different from others. The significantly different mean values were indicated by different letters.

Results
=======

ANE reduces spore germination of *P. aphanis* and powdery mildew development on detached leaf
---------------------------------------------------------------------------------------------

The effect of ANE on *P. aphanis* spore germination was evaluated on detached strawberry leaves sprayed with different concentrations of ANE (0.1%, 0.2%, and 0.3%). After 48 hpi (hours post-inoculation), the ANE sprayed leaves showed a significant reduction in the germination of spores compared to the control (*P* ≤ 0.05) ([Fig. 1](#f1-ppj-35-406){ref-type="fig"}). Foliar application with 0.2% ANE significantly reduced the spore germination rate by 75%, followed by a reduction of 66.3% in 0.1% ANE and 54% in 0.3% ANE sprayed leaves, as compared to the control ([Fig. 1B](#f1-ppj-35-406){ref-type="fig"}).

The progression of disease on the detached leaf was recorded on 7th and 15th dpi by measuring the infected leaf area and counting the number of spores. Results showed that the control leaf had a larger diseased area, while ANE sprayed leaves had less infected area and showed significant reduction in progression of powdery mildew by reducing the growth of *P. aphanis* with lesser number of spores per infected leaves. The leaf area covered with powdery mildew was reduced by 34.36%, 29.1%, and 42% in 0.1%, 0.2%, and 0.3% ANE treated leaves, respectively, as compared to the control ([Fig. 2B and C](#f2-ppj-35-406){ref-type="fig"}). The spray of 0.3% ANE was most effective in reducing the powdery mildew infection in strawberry leaves ([Fig. 2B and C](#f2-ppj-35-406){ref-type="fig"}).

ANE reduces severity of powdery mildew in growth chamber grown strawberry plants
--------------------------------------------------------------------------------

The effect of ANE treatment on powdery mildew disease severity in strawberry plants grown in the growth chamber was evaluated. Disease severity was recorded on 7th and 15th day after inoculation. ANE treatments showed reduced disease severity when compared with the control ([Fig. 3A](#f3-ppj-35-406){ref-type="fig"}). Seven days' post-inoculation, the plants treated with 0.2% ANE showed maximum reduction in disease severity by 65.7%, as compared to the control, while the reduction in disease severity was observed by 71%, as compared to the control 15 dpi ([Fig. 3B](#f3-ppj-35-406){ref-type="fig"}). The control plants showed 48% increase of powdery mildew from day 7 to 15, while 0.1%, 0.2%, and 0.3% ANE treated, respectively, showed 32%, 27%, and 32.4% increase in powdery mildew infection from day 7 to 15. Thus, spray of 0.2% ANE not only reduces the incidence of powdery mildew, but also prevents its progression.

ANE induces change in the phenolic and flavonoid content in the strawberry leaves infected with powdery mildew
--------------------------------------------------------------------------------------------------------------

The results presented in this study revealed that ANE sprayed plants showed significantly higher flavonoid content, as compared to the control plants. After 120 h, the maximum flavonoid content was recorded in 0.2% ANE sprayed leaves, which was 47.2% higher than the control plants ([Fig. 4A](#f4-ppj-35-406){ref-type="fig"}). *P. aphanis* infection increased the flavonoid content in both control and ANE treated plants. The flavonoid content was higher in all ANE sprayed leaves inoculated with pathogen (0.1%, 0.2%, and 0.3%), as compared to the control as well as ANE treated uninoculated leaves. Leaves sprayed with 0.2% ANE showed maximum increase in total flavonoid after 120 h of post-inoculation with *P. aphanis* ([Fig. 4A](#f4-ppj-35-406){ref-type="fig"}). Spray of ANE induced the phenolics production in the strawberry plants ([Fig. 4B](#f4-ppj-35-406){ref-type="fig"}). Powdery mildew infection increased the phenolic content in strawberry plants from 24 to 120 h post-inoculation in all the treatments. Total phenolic concentration was increased by 30%, 51.5%, and 14%, respectively, in 0.1%, 0.2%, and 0.3% ANE sprayed strawberry plants, as compared to the control after 120 h post-inoculation with spore of *P. aphanis* ([Fig. 4B](#f4-ppj-35-406){ref-type="fig"}).

ANE modulates the activity of defense-related enzymes in response to powdery mildew infection in strawberry
-----------------------------------------------------------------------------------------------------------

The effect of ANE treatment on the induction of defense enzymes PAL, PO, and PPO in strawberry leaf was studied. Foliar spray with ANE induced PAL activity in ANE sprayed uninoculated plants ([Fig. 5A](#f5-ppj-35-406){ref-type="fig"}). The maximum activity of PAL was induced in plants treated with 0.2% ANE ([Fig. 5A](#f5-ppj-35-406){ref-type="fig"}). Inoculation of pathogen on the ANE sprayed leaves further induces PAL activity. The maximum induction of PAL was observed 120 h post-inoculation in 0.2% ANE treated plants. Similarly, pathogen inoculation also induces PO and PPO activity as compared to the control and uninoculated plants. Maximum activities of PPO and PO were observed after 120 h of treatment ([Fig. 5B and C](#f5-ppj-35-406){ref-type="fig"}). Thus, plants treated with ANE induce the defense-related enzymes and improves plant resistance against powdery mildew infection.

ANE reduces severity of powdery mildew in the field-grown strawberry
--------------------------------------------------------------------

The field experiment was carried out from June 2016 to September 2016 at a commercial field located in Great Village, Nova Scotia, Canada. Three concentrations of ANE (0.1%, 0.2%, and 0.3%) were sprayed until drip. After the occurrence of natural infection of powdery mildew, observations were recorded every 7 days since the first occurrence of the disease. The incidence of powdery mildew was 82% in the control treatment, while the incidence of disease reduced to 68.5%, 51.5%, and 58%, respectively, in 0.1%, 0.2%, and 0.3% ANE treatments ([Fig. 6](#f6-ppj-35-406){ref-type="fig"}). The 0.2% ANE treatment showed the maximum reduction of powdery mildew by 37.2% as compared to control. Powdery mildew severity was reduced to 47.2%, 47.1%, and 51.2%, respectively, in 0.1%, 0.2%, and 0.3% ANE sprayed plants, as compared to control plants on day 1 ([Fig. 7](#f7-ppj-35-406){ref-type="fig"}). As time progressed, the disease also progressed in both the control and treated plants from day 1 to 7, but, disease progression was significantly reduced by 34.3% in 0.1% ANE treated plants and 32% in 0.2 and 0.3% ANE treated plants ([Fig. 7](#f7-ppj-35-406){ref-type="fig"}). After day 14 of disease incidence, reduction in disease was observed in both the control and treated plants. Lower nighttime temperatures in August are not favorable for powdery mildew (compared with earlier summer months), therefore, leading to the reduction of disease under the natural field conditions.

Discussion
==========

The use of synthetic chemical pesticides for the management of plant diseases has adverse impacts on human health and the environment. Several sustainable alternatives for plant disease management have been proposed. The elicitor molecules present in seaweed extracts enhance plant defenses against various pathogens ([@b8-ppj-35-406]; [@b26-ppj-35-406]). Several reports show that ANE acts as a potential elicitor and possesses disease suppressive activities ([@b23-ppj-35-406]; [@b26-ppj-35-406]). The ANE has been known to suppress diseases in several plants such as Arabidopsis, carrot, cucumber and tomato ([@b3-ppj-35-406]; [@b4-ppj-35-406]; [@b22-ppj-35-406]; [@b23-ppj-35-406]; [@b40-ppj-35-406]). Previously published reports suggest that ANE induces plant defense systems against broad ranges of pathogens ([@b26-ppj-35-406]).

In this study, we showed that the foliar spray of ANE elicited defense responses in strawberry against *P. aphanis*. Microscopic observations revealed that the germination of the fungal spore was significantly reduced in ANE sprayed plants. The elicitor molecules like laminarin and fucoidans present in ANE acts as PAMPs due to their structural similarity to the constituents of pathogen cell wall, and these PAMPs are recognized by host transmembrane PRRs, which serves as an endogenous signal to activate plant immune responses and primed the plants against disease ([@b14-ppj-35-406]; [@b43-ppj-35-406]). This might be the reason there was reduced germination of powdery mildew conidia and development of the disease on ANE treated plants. The effect of ANE in reducing the powdery mildew infection was observed in both the greenhouse as well as in natural field conditions, suggesting that ANE is capable of inducing pathogen resistance irrespective of the growing conditions.

Strawberry resistance to powdery mildew depends on the intricate network of constitutive and inducible defense responses ([@b5-ppj-35-406]). Several secondary metabolites play an important role in plant's defense against pathogens by direct toxicity on the pathogen or act as a precursor to physical defense systems ([@b6-ppj-35-406]). These secondary metabolites form biological chemical barriers and act locally at the early stage of infection ([@b29-ppj-35-406]). Elicitors induce the accumulation of secondary metabolites in response to pathogen attack ([@b42-ppj-35-406]). In this study, the effect of ANE on the accumulation of different secondary metabolites in strawberry plants was evaluated in response to powdery mildew infection. Foliar application of ANE increased the concentration of phenolics in strawberry plants in response to powdery mildew infection. Similarly, Stimplex, a commercial product from *A. nodosum* showed higher phenolic content in cucumber in response to a different fungal pathogen ([@b23-ppj-35-406]). A similar effect of ANE on phenolic content was observed in carrot in response to *Alternaria radicina* and *Botrytis cinerea* infection ([@b22-ppj-35-406]). Strawberry plants are the natural source of various phenolic compounds such as ellagitannins and ellagic acid ([@b2-ppj-35-406], [@b1-ppj-35-406]). Flavonoids are actively synthesized in the strawberry plants that induce disease resistance ([@b5-ppj-35-406]; [@b41-ppj-35-406]). In this study, the foliar spray of ANE leads to the accumulation of flavonoids in the strawberry plants and suppresses the progression of powdery mildew infection. Several published reports have also found a positive correlation between resistance to plant pathogens and the concentration of flavonoids ([@b5-ppj-35-406]; [@b41-ppj-35-406]). Strawberry cultivars with higher flavonoid content were found to be more resistant to pathogen infection ([@b5-ppj-35-406]). Thus, elicitors present in ANE stimulate the production of phenolic and flavonoid compounds and contribute to the strawberry's active defense against powdery mildew infection.

The enhanced accumulation of phenolics and flavonoids was due to increased activity of defense-related enzymes such as PAL, PPO, and PO. PAL, an enzyme involved in secondary phenylpropanoid metabolism, plays an important role in plant's response to pathogens ([@b27-ppj-35-406]). In this study, the bioactive component of ANE elicited the activity of PAL in the strawberry leaves and conferred resistance against powdery mildew. Similarly, PO and PPO, which are involved in biosynthesis of oxidative phenols, and contribute to the plant's active defense against pathogenic infestation ([@b9-ppj-35-406]). The application of ANE induced resistance against powdery mildew by inducing the activity of PO and PPO involved in the biosynthesis of polyphenols. The induction of defense-related enzymes including PAL, PO, and PPO was observed 72 h post-inoculation, and further increased up to 120 h in ANE treated plants. Several studies showed that the elicitation of resistance against fungal pathogens by seaweed extract was mediated by an increase in PAL, PO, and PPO activity (apple, cucumber, carrot, and tomato) ([@b4-ppj-35-406]; [@b18-ppj-35-406]; [@b22-ppj-35-406]; [@b23-ppj-35-406]). In these studies, the increased plant's resistance to different pathogens was marked by the enhanced activity and expression of different defense-related genes involved in the accumulation of secondary metabolites.

Under field trials, the foliar spray of ANE reduces the incidence as well as severity of disease. This suggests that ANE reduces the powdery mildew in both the laboratory as well as field conditions. Together these results suggest that ANE elicits defense responses in strawberry plants against powdery mildew by regulating the biosynthesis of secondary metabolites and activities of different defense-related enzymes.

In conclusion, this study showed that the extract from *A. nodosum* reduces the progression of powdery mildew infection in the laboratory as well in the field. The use of extracts from ANE for management of powdery mildew minimizes the use of chemical-based fungicides and provides an environmentally safe and sustainable method for the management of fungal diseases in strawberry and other fruit crops. The results presented here are promising but to realize the full potential of ANE in eliciting the defense response and to implement ANE with disease management programs, a more comprehensive understanding of the mode of action of ANE on plant defense pathways is required.

The work reported in this paper was partly funded by Nova Scotia Department of Agriculture and MITACS. The authors are grateful to Emily Peters (Dalhousie University, Faculty of Agriculture) for the valuable suggestions in preparing the manuscript.

![The effect of foliar spray with *Ascophyllum nodosum* extract (ANE) on spore germination of *Podosphaera aphanis* in detached strawberry leaves. (A) Microscopic view of germinated spores in Trypan blue stained strawberry leaves sprayed with control, 0.1% ANE, 0.2% ANE, and 0.3% ANE. (B) Percentage germination of *P. aphanis* on strawberry leaves sprayed with control (C), 0.1% ANE (T1), 0.2% ANE (T2), and 0.2% ANE (T3).](ppj-35-406f1){#f1-ppj-35-406}

![(A) Foliar spray of *Ascophyllum nodosum* extract (ANE) reduces powdery mildew on detached leaves of strawberry placed on 2% water agar: control, 0.1% ANE, 0.2% ANE, and 0.3% ANE. This graph represents infected leaf area (B) and number of spores per mm^2^ (C) of infected leaf of strawberry sprayed with control (C), 0.1% ANE (T1), 0.2% ANE (T2), and 0.3% ANE (T3).](ppj-35-406f2){#f2-ppj-35-406}

![The effect of foliar spray of *Ascophyllum nodosum* extract (ANE) on powdery mildew of strawberry plants grown in green house conditions. (A) Powdery mildew infection on strawberry plants sprayed with control, 0.1% ANE, 0.2% ANE, and 0.3% ANE. (B) This graph represents disease severity on 7th and 15th day of post inoculation with spores of *Podosphaera aphanis* in strawberry plants sprayed with control (C), 0.1% ANE (T1), 0.2% ANE (T2), and 0.2% ANE (T3).](ppj-35-406f3){#f3-ppj-35-406}

![The effect of *Ascophyllum nodosum* extract (ANE) on total flavonoid content (A), and total phenolic content (B) of strawberry leaves sprayed with control (C), 0.1% ANE (T1), 0.2% ANE (T2), and 0.2% ANE (T3), and strawberry leaves sprayed with control (C), 0.1% ANE (T1), 0.2% ANE (T2), and 0.2% ANE (T3) in response to powdery mildew infection.](ppj-35-406f4){#f4-ppj-35-406}

![Defense-related enzyme activities in strawberry plants sprayed with different concentrations of *Ascophyllum nodosum extract* (ANE). (A) Phenylalanine ammonia lyase (PAL). (B) Polyphenol peroxidase (PPO). (C) Peroxidase (PO) activities in plants sprayed with control (C), T1 (0.1% ANE), 0.2% ANE (T2), and 0.2% ANE (T3), and strawberry leaves sprayed with control (C), 0.1% ANE (T1), 0.2% ANE (T2), and 0.2% ANE (T3) in response to powdery mildew infection.](ppj-35-406f5){#f5-ppj-35-406}

![Natural incidence of powdery mildew on strawberry plants sprayed with control (C), 0.1% *Ascophyllum nodosum* extract (ANE) (T1), 0.2% ANE (T2), and 0.2% ANE (T3) under field conditions. Disease incidence (%)](ppj-35-406f6){#f6-ppj-35-406}

![Disease severity of powdery mildew observed every 7 days for 1 month after the natural occurrence of disease on strawberry plants sprayed with control (C), 0.1% *Ascophyllum nodosum* extract (ANE) (T1), 0.2% ANE (T2), and 0.2% ANE (T3) under field conditions.](ppj-35-406f7){#f7-ppj-35-406}

###### 

Powdery mildew severity scale used in this study

  Infection rating   Leaf area infection (%)
  ------------------ -------------------------
  0                  No infection
  1                  1--24
  2                  25--49
  3                  50--74
  4                  75--100
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